A comprehensive numerical system is proposed for the attempt to solve the problem of the deterioration of reinforced concrete structures subjected to chloride-induced corrosion. This numerical system was created by combining the physicochemical models related to the migration of corrosion-related substances in concrete, such as chloride ions, oxygen and vapor, and the electrochemical models dealing with the formation of half-cell potential from the viewpoints of macrocell corrosion and corrosion current of RC members under chloride-induced corrosion. Chloride ions concentration, oxygen concentration, water content, current density and the loss of cross-sectional area at any position of the rebar can be calculated by this system.
Introduction
The process of the deterioration of concrete structures exposed to a corrosive environment containing chloride ions can be generally classified into four stages: initiation stage, propagation stage, acceleration stage and deterioration stage. Models for describing the deterioration process in the initiation stage are related to chloride ions movement. The amount of corrosive product and the possible time for the generation of the cracks due to corrosion may be qualitatively predictable according to the distribution of corrosion-related substances around the rebar in concrete and the assumed models for corrosion propagation.
A few research has been conducted so far on the prediction on the structural and durability performances in the acceleration and deterioration stages. Although the assumed models used in such research work for describing the deterioration process in the propagation stage are rational, they are generally so simplified that the essence of the corrosion mechanism in concrete structures in a corrosive environment during the propagation stage is neglected. This research is motivated by a desire to supplement this insufficiency by proposing electrochemical models that can properly describe the dynamic process of the corrosion mechanism of concrete structures in a corrosive environment. This numerical system is first explained in accordance with its constituent models related to the transport of corrosion-related substances such as chloride ions, oxygen and moisture. Then, the electrochemical models for simulating the formation of half-cell potential and corrosion current density are further clarified.
Overviews of modeling of transport of corrosion-related substances
It is well known that the initiation stage of the corrosion of steel in concrete is strongly related to the soundness of the passive film around the steel surface. The corrosion process of steel in concrete is believed to initiate if this passive film is destroyed, i.e. this marks the termination of initiation stage. The substances related to the destruction of the passive films in concrete are generally regarded as chloride ions and carbon dioxide. By integrating the past researches of the authors with the works of other researchers on simulation for the transport of corrosion-related substances in concrete, a numerical system was constructed by the authors (Maruya 1998(a) ). The computational flow of the system is illustrated in Fig. 1 .
Models for migration of chloride ions

Behavior and equilibrium of chloride ions
Chloride ions are present in the pore solution of concrete together with other negative and positive ions such as OH -and Na
, and an overall balance of negative and positive charges is maintained (Maruya and Matsuoka 1994) .
There is a unique equilibrium between fixed and free chloride ions for concrete made using the same mix proportion. The fixed chloride ions consist of Friedel's salt (solid chloride) and chlorides adsorbed between layers of the hydration products of calcium aluminate hydrate (Page 1983) . With the ingress of carbonation, which reduces the pH of the concrete, the equilibrium between fixed and free chloride changes because some of the Friedel's salt and adsorbed chlorides are freed into the pore solution, resulting in a higher concentration of chloride ions in the pore solution of the carbonated area (Kobayashi 1988 ). All of this behavior has been considered in this analytical method. Figure 2 shows the classification of chlorides in the concrete. Fixed chlorides are considered to be non-moving in the concrete. Only the free chlorides, the chloride ions in the pore solution, are able to move in the water of pores in the concrete. The fixed chlorides can be quantified by the fixed chloride factor, fixed a . Then, using the fixed chloride factor, the fixed and free chlorides contents can be derived with Eq. (1) and Eq. (2) ( , ) = ( , )
fixed fixed tot C xt a xt C xt ⋅
( , ) = (1-
free fixed tot
C x t a x t C x t ⋅
where ( , )
fixed C x t = the fixed chloride content (wt% of cement),
free C x t = the free chloride content (wt% of cement),
tot C x t = the total chloride content (wt% of cement),
fixed a x t = the fixed chloride factor, x = the distance from the exposed surface (cm), and t = time (days). Figure 3 demonstrates the effect of carbonation on the release of fixed chlorides into free chlorides. The ratio of the chloride amount released by carbonation to the fixed chloride amount before carbonation is denoted as the carbonation factor, c β . The carbonation factor is used to obtain the free and fixed chloride contents as shown in Eq. (3) and Eq. (4)
free free c fixed
free C x t ′ = the free chloride content after carbonation (wt% of cement),
free C x t = the free chloride content before carbonation (wt% of cement),
fixed C x t ′ = the fixed chloride content after carbonation (wt% of cement),
fixed C x t = the fixed chloride content before carbonation (wt% of cement), and ( , ) c x t β = the carbonation factor.
The free chloride content after carbonation, as obtained from Eq. (3), can be converted into free chloride concentration as follows. 
c RH x t , is known, the free chloride concentration can be obtained if the water content in the concrete is known. At the time considered, t , in a no-drying condition, the saturated water content in a concrete element can be computed using Eq. (6). 
w C x t = the relative water content of the element (%), and
sat W x t = the saturated water content of the element (g).
It is known that the water content as derived from Eq. (7) does not have a linear relationship with relative humidity in the concrete pores. Since the transport mechanism of water in pores is related to the movement of water vapor, the vapor pressure or relative humidity is necessary to simulate the movement of water in the concrete. Therefore, the relationship between water content and relative humidity in the concrete was also implemented (Saeki 1990) .
The movement of water in the concrete pores at any time t is assumed to be diffusion-based and dependent on the vapor pressure (humidity) in the pores as 
c RH x t = the relative humidity of concrete element x (%), x ∆ = the element width (cm), and t ∆ = the time interval (day).
Concept of chloride condensation model for the exposed surface layer
Analytical methods for chloride movement in concrete based on diffusion theory have been popular for a long time. Using such methods, apparent diffusion coefficients are commonly derived from the distribution of chlorides in the concrete. In doing so, a constant chloride ion content is usually assumed at the exposed surface of the concrete as the boundary condition. Further, in Japan, the free chloride content is usually obtained using the test method proposed by the Japan Concrete Institute (JCI) for the hot water soluble chloride content in concrete (Japan Conc. Inst. 1987) . Some analytical methods have even used the total chloride content in the diffusion process. However, actual behavior is not as assumed.
For example, the soluble chloride content obtained using the JCI method has been proven to be different from the free chloride content that was directly analyzed from the pore solution squeezed out from the concrete. Also, the free chloride concentration in the surface layer, whose length is thought to be 10 mm, may even become higher than that of the submerging solution as mentioned earlier.
It is impossible to explain this using diffusion theory alone. The concept of chloride condensation must be introduced into the analytical method. The movement of chloride ions in the submerged case can be simulated by considering both diffusion and the condensation of chloride ions by ion adsorption, as illustrated in Fig. 4 and expressed by Eq. (10).
where ' c F = the total flux of chloride ions entering the concrete at the surface and is the sum of the fluxes due to diffusion and ion adsorption (mol/cm 2 /day), c F = the flux of chloride ions due to diffusion only (mol/cm 2 /day), c S = the flux of chloride ion due to ions adsorption only (mol/cm 2 /day) and is a function of free chloride content, and free C = the free chloride content at the exposed surface of the concrete (wt% of cement).
The ion adsorption mechanism arises as a result of a property of the pore walls, which are known to be electrically positive. The positive charge at the pore surface draws chloride ions from the surrounding environment into the concrete, and these condense in the surface layer (Goto 1982) . When the concentration of chloride ions in the submerging solution is higher than that of the surface layer of the concrete, chloride ions move into the concrete by both diffusion and ion adsorption. On the other hand, when the chloride ion concentration of the submerging solution is lower than that in the pores of the surface layer, chloride ions move out of the concrete by diffusion but at the same time move into the concrete by ion adsorption. The ion adsorption flux reduces as the chloride ion concentration in the pores of the surface layer increases. Therefore, the concentration of chloride ions in the surface layer gradually increases until equilibrium is reached between the diffusion and ion adsorption mechanisms.
This leads to a rather constant concentration of chloride ions in the surface layer over the long term.
Thus, the diffusion can be modified to take the effect of ion adsorption into account as follows:
where x = the depth from the exposed surface (cm), t
pfree C x t = the concentration of chloride ions (mol/cm 3 ), O C = the chloride ion concentration of the submerging solution (mol/cm 3 ), and (1, ) c S t = the flux of chloride ions due to ion adsorption (mol/cm 2 /day) that exists only at the exposed surface layer. Figure 5 shows the relationship between the flux due to ion adsorption and the free chloride content of the surface layer. The flux due to ion adsorption is largest for cement only and is lower for [cement + fly ash], [cement + blast furnace slag] and [cement + fly ash + blast furnace slag], in that order (Maruya 1998(b) ).
Verification of surface condensation model
This can be explained by the lower positive charge at the pore surface in the blended cement, especially when the pozzolan ratio is higher or the cement ratio is smaller. OFM, OBM and OFBM specimens whose mixture proportions are shown in Table 1 . The surface layer is the layer from the exposed surface to a depth of 10mm. Free chloride contents are converted from the test results of soluble chloride content (Maruya 1992) . As shown in Fig.  6 and Fig. 7 , the contents of free and total chlorides increase until approximately 182 days. After that, the chloride contents remain almost constant at a value higher than the chloride concentration of the solution in which the specimens were submerged. For the specimens with fly ash (OFM and OFBM) in Fig. 8 and Fig. 10 , the free chloride contents increase until 182 days, but are lower at 365 days and nearer the value of the solution. This is because the chloride ion flux due to ion adsorption is lower over the long term due to the pozzolanic reaction of the fly ash.
This pozzolanic reaction is considered to be very active from 28 to 91 days. As the reaction proceeds, SiO 2 in the fly ash reacts with the Ca(OH) 2 produced by the hydration of cement (Maruya 1994) . The Ca(OH) 2 content is thus reduced by the pozzolanic reaction. This reduces the ion adsorption effect in specimens with fly ash, so diffusion of chloride ions back into the solution takes place over the long term. On the other hand, specimens with OBM do not exhibit a tendency to reduced free chloride ions after 182 days because the pozzolanic reaction of blast furnace slag is not as reactive as that of fly ash. This indicates that the effect of reduced ion adsorption in fly ash blended cement has to be taken into account in the future.
Concept of model for cyclic wetting and drying environment
In the first drying period, water evaporates from the exposed surface of the concrete into the environment, causing a reduction in the relative water content in the concrete near the exposed surface. When wetting occurs, saltwater enters the dried portion of the concrete from the environment, saturating or nearly saturating the concrete within a relatively short time period. During the next drying cycle, only water evaporates out of the concrete, leaving salt in the dried portion. This process is illustrated in Fig. 11 . So, when alternating from drying to wetting, the total chloride content in the surface layer and near the surface layer increases suddenly. Therefore, in the cyclic wetting and drying model, Eq. (13) and Eq. (14) are applied for the chlorides and Eq. (15) is applied for water.
where t = the last time step of the drying period (day),
( , + )
tot C x t t ∆ = the total chloride content at the beginning of the wetting period (wt% of cement), ' ( , ) tot C x t = the total chloride content at the end of the drying period (wt% of cement), and " ( , ) tot C x t = the total chloride content of the saltwater that saturates the dried portion of concrete at the beginning of the wetting period (wt% of cement). 
where 0 C = the chloride ion concentration of the sea water (the solution in which the concrete is submerged) (mol/cm 3 ), ' ( , ) 
where t t ∆ + = the beginning of the wetting time (day).
Verification Experiments of Wetting and Drying Model
To verify the wetting and drying model, concrete specimens with the OPC mix proportions shown in Table  1 were made. After sealed curing for 28 days, the specimens were subjected to cyclic wetting and drying conditions. One cycle consisted of 14 days, with 7 days of drying and 7 days of wetting.
The measurements of total and free chlorides were made after the 2nd, 7th, 13th, and 42nd cycles, which is consistent with 28, 98, 182, 378 and 588 days after curing. The drying environment conditions were 20°C, 60%RH, and 0.06 CO2 %. Wetting was in 20°C saltwater. The procedures for measuring total and free chlorides were the same as in the verification tests for surface condensation. Figure 12 shows the test and analytical results for total and free chloride contents in the exposed surface layer of the concrete specimens subjected to wetting and drying. The surface layer was defined to have a thickness of 10 mm from the exposed surface. The analysis showed that at the beginning of wetting, the chloride content in the surface layer increased suddenly, while it gradually fell during drying as the chloride ions moved deeper into the concrete. The chloride content did not reach a constant value as in the case of the chloride penetration test, but kept on rising with time. and Fig. 14 show the test and analytical results for total and free chloride distributions, respectively, along the distance from the exposed surface of the tested concrete specimens at 28 days (4 cycles), 98 days (7 cycles), 182 days (13 cycles), 378 days (27 cycles), and 588 days (42 cycles). Figure 15 shows the analyzed distribution of chloride ion concentration. It should be noted here that all analysis of the cyclic wetting and drying condition considered the effect of carbonation in the drying period (20°C, 60%RH, 0.06% CO2) and also the ion adsorption effect in the wetting period.
Models for movement of gaseous components
Vapor migration
With the given mixture proportion, curing and environmental conditions, the model proposed by Shimomura and Maekawa (1997) is adopted for tracing the real-time relationship between pore structure and moisture. For simulating the moisture migration in concrete, the work of Saeki (1990 et al.) is utilized.
Furthermore, by coupling the model relating to micropore structure with the model relating to the moisture migration in concrete, the real-time porosity in the wet state (VG, cm 3 /cm 3 ) and the volume of liquid-phase water per unit volume (VL, cm 3 /cm 3 ) can be traced by vapor migration simulation.
Migration of gaseous components
Generally speaking, the appropriate modeling based on the characteristics of the pore structure can reasonably represent porosity and tortuosity of the pore structure in the porous solid in the dry state. The problem of gas diffusion through porous solid can then be solved by the gas diffusion theory developed for porous solid. However, in concrete, due to the existence of moisture, the transport process, which may include diffusion, evaporation, or condensation, will influence the free space for the transport of gaseous component. Therefore, the model to describe the pore structure in the dry state is obviously inappropriate for representing the pore structure of concrete in the wet state. The microstructure mechanism of moisture migration in concrete developed as in (Shimomura and Maekawa 1997 ) is thought to be sufficient for this task to simulate the real-time variation of pore structure even with the existence of moisture. Besides, by observing the drying process of concrete, The following are generally recognized: • there is no air in the concrete due to the initial saturation; • along with the drying process, air will enter the concrete from the drying surface; • the greater the amount of the moisture released through the surface, the greater the amount of air that enters through the surface. Such phenomena are generally regarded to occur at constant pressure and should be considered as the dominant mechanism of gas diffusion in concrete. By this observation and assuming air and vapor as ideal gases, gas diffusion in concrete can be simply stated as "influx of air ( Air J , unit: (cm 3 /cm 2 /day)) in free space of pore is equal to outflux of vapor ( Vapor J ) in free space of pore". As schematized in Fig. 16 , the vapor gain due to evaporation and the vapor loss due to condensation also need to be considered, which is implicitly included in the calculated outflux of vapor according to the method used for simulation of vapor migration in concrete. In order to correctly obtain the influx of air in the free space of pore, the following ) and G V = the non-saturated pore volume of the wet concrete per unit concrete volume (cm 3 /cm 3 ). By using the relationship in Eq. (16), the flux of the inflow air can be obtained after the vapor migration is calculated.
Tri-dispersed model of gas diffusion
Because there exist three possible processes for gas diffusion through porous solid, the effective diffusivity of the bulk porous material may be written as follows. (Houst 1994) :
where k D = 2/3<V>r = Knudsen Diffusivity, n D = 1/3<V>λ = Normal Diffusivity, [ t D = n D /(1+λ/2r)] = Transition Diffusivity, 1 ε , 2 ε and 3 ε = the volume fraction of the three regimes, r = the radius of the pore, <V> = (8RT/πM) 0.5 = the average molecular speed of the gas molecule, λ = RT/(πNd 2 P) = the mean free path of the gas molecule, R = ideal gas constant, T = absolute temperature, M = molar mass of gas, N = the Avogadro number, d = the dimension of pores, and P = pressure.
To find out the flux of each gaseous component in this research, the expression of effective diffusivity in Eq. (17) stimulated us to propose one model, considering the gas diffusion process, by assuming that the flux of each gaseous component should be the same as the summation of the fluxes occurring in different regimes, which can be formulated as , ,
where i = the ith gaseous component, , 
and < > k V is considered to be the same as < > V . In order to decide the value of
, n i C , the assumed density distribution function of pore size used in (Shimomura 1997) was applied. As illustrated in Fig. 17 , the value of
In addition, with the assumption that the movement of each gaseous component is independent from one another, the summation of the influx of all the gaseous components is equal to the influx of the air, i.e. 
where n = the number of gaseous components. By substituting Eq. (18), (19) and (20) into Eq. (21), the influx of each gaseous component can be calculated explicitly. After the influx of each gaseous component is available, the distribution of each gaseous component in concrete can be further calculated. Besides the features of this method explained in the preceding section, the variation of pore structure due to the simultaneous hydration reaction is also considered in this method. Because the relationship between the hydration rate and the shape factor on the density distribution function of pore size has been given in (Shimomura 1997) , no detailed description is given here. However, as indicated by Mindess and Young (Mindess 1981) , the maximum combined water due to hydration is generally not greater than 0.24. Thus, if the water combination ratio is greater than 0.24, there will be no need to vary the shape factors and pore volume. Then, the above algorithm of this method will be carried out in an iterative way until the service period is reached. Figure 18 illustrates the distribution of O2 along the distance from the exposed surface of the specimen, and 19 shows the influence of humidity on the distribution of O2 along specimen depth (at T = 1000 days). Gaseous oxygen is used for evaluating of steel corrosion in this research, because there is a proportional relationship between the amount of gaseous oxygen and that of dissolved oxygen, which is directly related to corrosion, with Henry's law.
Results of simulation on naturally exposed concrete
Though corrosion is influenced not by gaseous oxygen, which is shown in these figures, but by dissolved oxygen, gaseous state oxygen has a large influence on corrosion. The O2 in these figures is gaseous oxygen.
Models for corrosion of steel in concrete structures
Models for corrosion of steel in concrete
Once the corrosion due to chloride attack initiates, the performance of structures starts to decline. The degree of performance degradation depends on the corrosion amount. Before the generation of corrosion cracks, the degree of performance degradation is comparatively small, while, after the generation of corrosion cracks, the degree of performance degradation becomes significant. In view of the electrochemistry of corrosion, the degree of performance degradation is closely related to the corrosion rate, which is in the form of current density. There are usually three types of approaches used in the previous studies in modeling the corrosion rate in concrete: (1) models in the form of empirical relations; (2) models related to the diffusion-limited process of oxygen and (3) models based on electrochemistry (Japan Conc. Inst. 1999). Compared to the models belonging to approach (1) or (2), the models belonging to approach (3) are comparatively complicated. However, it seems that the models belonging to approach (3) draw more interest from researchers. The reason is that not only the corrosion rate of steel but also the other features of the corroding steel, such as half-cell potential or polarization resistance, can be rationally simulated using such models. As known, half-cell potential has been practically adopted for assessing the corrosion behavior of steel in concrete on lots in onsite measurements. Hence, based on the understanding of the electrochemical processes of corrosion, models aiming at not only the corrosion rate of steel but also the half-cell potential are proposed by the authors (Hsu 1999) .
Kinetics of rebar corrosion reactions
To facilitate the following interpretation, a brief description of the kinetics of corrosion reactions is given. The high alkalinity of concrete (pH ≥ 12) protects the steel from corrosion due to the formation of a passive film. However, due to low alkalinity and/or high chloride content at the surface of the steel, the passive film breaks down. Owing to the difference in potential between anode and cathode, iron is oxidized to ferrous ions at the anode and oxygen is consumed due to the release of hydroxyl ions at the cathode, the half reactions of which are given below:
Anodic reaction (metal dissolution as Fe 2+ ions) Fig. 20 , the equilibrium potential for anode and cathode reactions is termed as corrosion potential ( corr E ) and the corresponding current density at this potential is called corrosion current density ( corr i ).
Pitting potential
As commonly observed, chloride corrosion in concrete usually takes place in the form of pitting corrosion. Also, the pitting potential in concrete is related to the fall of pH in concrete and/or the gain of concentration of chloride. According to the two-step initiation theory of pitting corrosion suggested by Okada (1987) , the pitting initiation potential ( pit E ) can be considered as the function of pH and chloride concentration. A similar relation was reported in the empirical work of Bird et al. (1988) as follows:
where
. Indeed, besides the influence of pH and chloride concentration, it is commonly understood that many factors, such as the pore structure or water content of concrete, etc., also affect pitting potential. However, to keep this numerical system simple, only the effects of pH and chloride concentration are considered and the variation of pH in concrete is assumed to be a constant value during the simulation.
Chloride threshold value
In order to destroy the passive film, it is thought that there exists at least a certain amount of chloride leading to pit initiation followed by the occurrence of perturbation, accumulation of chloride ion at the local anodic sites, and nucleus formation at the passive film surface. The "two-step initiation theory" suggested by the work of Okada can be referred to for the details of these processes (Okada 1987) . This amount of chloride is usually referred to as the chloride threshold value. The exact expression of the chloride threshold value is still under argument. This is due to a number of factors, such as the difficulty to clearly understand the real-time state of the rebar surface and the adhesive state along the interface between the rebar and concrete. Nevertheless, by considering the integrity and the simplicity of this numerical system, a simple expression in the terms of threshold Cl − :OH − ratio is presently adopted by ignoring the above effects. During the verification experiments, the minimum total chloride content was found out and converted to free chloride ions according to the work of Maruya et al. (Maruya 1998) . Because it is impossible to measure the value of pH during the experiments, the constant value of pH in concrete is assumed, which is the same as the value used in Eq. (24). Then, the threshold Cl − /OH − ratio is decided, as shown below.
The review work of Glass et al (1997) mentions that the threshold Cl − / OH − ratio determined in the pore solution expressed from concrete, mortar and cement paste specimens vary widely. For example, Yonezawa (Yonezawa 1989) et al. showed that the threshold
− ratio might range from 1 to 40. Lambert et al. (1991) reported that the ratios between 3 and 20 were required to initiate the corrosion of rebar in concrete. As a result, based on the above comparison, the threshold Cl − /OH − ratio used in Eq. (25) is believed to be within an acceptable scope. It is worthy of note that the value used in Eq. (25) is only used for numerical reference rather than for practical reference when judging the start of corrosion because of its over-simplicity.
Model for microcell potential
The term 'microcell' here is adopted for the assumption that the formation of the polarized potential at a separate electrode (i.e. the point at the surface of the rebar) is independent without interaction between separate electrodes. If there is no pitting corrosion, the microcell potential can be regarded as the measured half-cell potential at its passive state. By observing the anodic and cathodic polarization curves as schematized in Fig. 21 , curve A depicts the case of no existence of Cl -, under sufficient access of oxygen (Page 1982 
Activation polarization
The previous section illustrates the algorithm to calculate microcell E of rebar under chloride corrosion under the assumption that there is no interaction between separate electrodes. However, once pitting corrosion is initiated, there should be interaction between separate electrodes due to the existence of polarization. As a result, the model for macrocell corrosion is established by assuming the formation of a macrocell as the interaction between separate electrodes. According to the assumption used in the previous section, after the formation of microcell potential, the state of separate electrodes should be regarded as stable due to no interaction between separate electrodes. However, once the interaction between separate electrodes is taken into account, the activation polarization is indispensable for generating the essential activation energy needed in the corrosion reactions. As illustrated in Fig. 22 , for any two electrodes, if pitting corrosion is initiated, the macrocell current density ( corr i , unit: A/cm 2 ) can be calculated by solving the following nonlinear equation:
, , ). Generally, it is thought that not only the concentration of chloride ion but also the mixing proportion (e.g. the type of cement) and the environment around the rebar (e.g. the water content), among other factors, influence the Tafel slope (i.e. 2 a β and 1 c β ). The proper empirical expression for the Tafel slope should take the above effects into consideration. However, the existing literature seems not to contain findings for the consideration of the effects of all these factors. Once it is available, the empirical expressions given in Eq. (26.a) and (26.b), which merely consider the effect of concentration of chloride ion, should be correspondingly modified. In addition, in order to solve the above nonlinear equation Eq. (26), the false position method is used. Once corr i is solved, the value of icorr for the anode is negative to indicate the inflow of electronic current, while the value of corr i for the cathode is positive to indicate the outflow of electronic current.
Limiting current density
Due to the cover thickness of concrete, the saturation degree of concrete, environmental conditions, etc., the access of O2 at the surface of the passive film may be insufficient, making corrosion reaction dependent on O2 diffusion. Furthermore, if this insufficiency of access of O2 is severe, the formatted potential may be even lower than pass E , as can be seen in point C in Fig. 21 . This phenomenon is often observed in RC structures submerged under the sea. In this paper, the limiting current density of O2 ( lim i , A/cm 2 ) suggested by the Japan Concrete Institute (Japan Conc. Inst. 1996 ) is adopted as follows. 
where M = the supply flux of O2 at the surface of the rebar in concrete (mol/(s-cm 2 )).
Model for macrocell current density
As explained above, the model schematized in Fig. 22 is valid for any two electrodes once pitting corrosion is initiated. However, there are usually lots of electrodes distributed along any rebar. That is to say, for any electrode, there should exist multiple electrical circuits. To obtain the net current density within the multiple electrical circuits, the following steps are implemented.
Step 1: For N electrodes along the rebar, the number of the possible electrical circuits is 1 /2N(N-1) . By applying Eq. (26) for all the possible electrical circuits, the anodic and cathodic current density for each circuit can be obtained. In other words, there is no need to specify the location of the anode and cathode (or the area ratio of the anode with respect to the cathode) before the calculation, i.e. they will be specified automatically due to the service situation of the exposure environment.
Step 2: By taking the integration of macrocell current density ( corr i ) at each electrode along the rebar, the net macrocell current density at each electrode can be calculated as follows. Step 3: By the sign convention of . corr net i , the corresponding electrode can be judged as an anode (if sign < 0) or cathode (if sign > 0). Through the above steps, icorr,net at each electrode can be available. Then, the following equation is utilized for converting the calculated 
where m = the corroded amount of Fe (mg/cm),
. corr net i = the net macrocell current density (A/cm), t = duration for corrosion occurrence (s), a = the atomic weight of Fe (g), n = an equivalent of Fe (mol eq.) and F = the Faraday constant, 96500(C/mol eq.).
Moreover, the corrosive amount of the rebar can be also calculated by following the expression below:
where 1 A = loss of the cross section by corrosion (cm 2 ), m = corrosive amount (mg/cm) and Fe γ = the density of Fe, which is equal to 7870 (mg/cm 3 ).
Model for macrocell potential
As can be observed in Fig. 22 , the microcell potential at separate electrodes is polarized due to the activation and/or concentration (i.e. diffusion-limited) polarization. Through the above model, due to the existence of multiple electrical circuits, the possibility of different amounts of polarization for an electrode contradicts the reality of the measured half-cell potential of the rebar. As a result, modification of the calculated macrocell (half-cell potential) is needed. However, up to now little research has been done on the process of the being-polarized rebar. Opting for simplicity, the modification of the calculated macrocell (half-cell potential) is implemented by taking the average amount of polarization for an electrode. The distribution of macrocell potential along the rebar can then be calculated.
Critical corrosive depth
In order to decide the end of the propagation period, the critical corrosive depth, x ∆ (cm), usually serves as the criterion for the generation of the corrosion crack. According to the review report of the Japan Concrete Institute's Committee on Repair Methods of Concrete Structures (Japan Conc. Inst. 1996) , there are several proposals to calculate the critical corrosive depth, such as a proposal by Maeda (Maeda 1983 ) that considers restrained displacement, as well as a proposal that considers volume expansion. Among these proposals, the proposal by Maeda (denoted as Maeda's method) is based on the elastic theory. Owing to its simplicity and comparable result prediction level, Maeda's method was adopted in this paper. The simulation process mentioned in this paper is terminated once the loss of the corrosive cross section in Eq. (30) exceeds that of the critical corrosive section, because a simulation process with the existence of corrosion cracks exceeds the scope of this paper.
Integration of the models
Considering the characteristics of the electrochemical model, Fig. 23 illustrates the integration of the aforementioned features of the proposed models in the propagation period, in which the details on the models in the initiation stage as illustrated in Fig. 1 are skipped. Moreover, in Fig. 23 , in order to distinguish the models proposed in past works of the authors from the models proposed by other researchers or institutes, the models followed by a name(s) in parenthesis indicate those proposed by other researchers or institutes.
6.Conclusions
(1) It was confirmed that the chloride ion concentration in the surface layer of concrete continuously submerged in saltwater can exceed that of the saltwater in which it is submerged. The condensation effect may be caused by an ion adsorption mechanism driven by the properties of the pore walls, which are known to be electrically positive. The positive charge at the pore surface draws chloride ions into the concrete from the solution and causes condensation in the surface layer.
(2) Cyclic wetting and drying conditions were simulated by assuming that when the change from drying to wetting conditions took place, saltwater from the environment immediately moved into the dried portion of the concrete, suddenly saturating the dried portion.
(3) Equimolar counter diffusion for a constant pressure system was utilized to analyze the transport of vapor and other gaseous components such as oxygen, nitrogen and carbon dioxide.
(4) The ability to trace time-dependent response of chloride-induced macrocell corrosion is recognized. However, there is further need to precisely clarify the quantitative relationship of the parameters that are modeled into this numerical system to enhance the reliability and applicability of this numerical system. 
